We have studied metallic and oxidized chromium layers on thin ordered alumina films grown on a NiAl͑110͒ substrate using x-ray photoelectron spectroscopy. The interaction between the chromium layers and the substrate has been characterized after deposition at room temperature and after oxidation at 300 and 700 K. Our results indicate partial oxidation of the deposited chromium with the fraction of oxidized Cr decreasing with increasing Cr coverage. Oxidation of the chromium layers at room temperature using O 2 results in Cr 3ϩ species on the surface. These oxidized chromium species can be reduced by heating the sample to 700 K for 5 minutes. Oxidation at 700 K results in chromium species that cannot be thermally reduced. Our results do not indicate formation of Cr 6ϩ species although such are present in impregnated catalysts.
I. INTRODUCTION
Chromium oxide supported on aluminum oxide is a widely used catalyst, e.g., in polymerization of ethylene, dehydrogenation of paraffins, and selective oxidation of alcohols.
1,2 Supported chromium oxide catalysts investigated by XPS has been the subject of numerous studies. [1] [2] [3] [4] [5] The porous and insulating support materials used in catalysts limit the amount of information obtainable on the surface of real catalysts. Proper oxidation of the NiAl͑110͒ alloy single crystal results in a thin, well-ordered alumina film with a surface structure reminiscent of bulk ␥-Al 2 O 3 . [6] [7] [8] The alumina film formed on NiAl͑110͒ is thin enough to allow electron and ion spectroscopies to be used without the charging problems normally associated with insulating samples. Easy heating and thermal equilibrium throughout the sample are ensured by the metallic properties of the NiAl alloy.
Deposition of several noble and transition metals on the Al 2 O 3 /NiAl(110) surface have been studied ͑see Ref. 9 for a review͒. The growth of the metal layer exhibit formation of 3D particles close to Volmer-Weber ͑VW͒ fashion in most of the systems, like V, 10 Rh, 11 Co, and Pd. 12, 13 Platinum has received the most intense attention and it has been found to grow two dimensionally with the Pt particles modifying the structure of the support. 14 -17 There is only one study made with chromium on alumina on NiAl͑100͒. In this study the oxide is present as thin ordered stripes on the alloy crystal. The evaporated Cr formed small metallic clusters with a mean size of 3 nm. 18 Ultrathin Cr films on TiO 2 (110) have also been studied previously. 19 The results indicate quasitwo-dimensional growth of Cr on the surface resulting in oxidation of Cr species at the interface. When thicker Cr layers were formed also metallic Cr was detected.
In this work chromium was thermally deposited onto the thin alumina film in ultrahigh vacuum ͑UHV͒. Chromium oxide was formed by exposing the thin chromium film to oxygen in vacuum. The chromium and chromium oxide films were characterized using x-ray photoelectron spectroscopy ͑XPS͒. We focused our attention on the initial interaction between the oxygen terminated alumina support and the deposited chromium. We also investigated the interaction between chromium and oxygen at low O 2 exposures.
II. EXPERIMENT
The experiments reported in this paper were performed in a stainless steel UHV chamber with a base pressure of 2 ϫ10 Ϫ10 Torr. The sample cleanliness was measured with Auger-electron spectroscopy ͑AES͒ using a double pass cylindrical mirror analyzer ͑DPCMA͒ with an integral electron gun. The XP and AE spectra were both recorded using the DPCMA with a pass energy of 50 eV. Both AlK␣ and MgK␣ radiation was used in the XPS experiments and the binding energies were referenced to the Ni 2p 3/2 and Ni 3p peaks at 852.7 eV and 66.5 eV, respectively. 20 Our NiAl͑110͒ sample had a diameter of roughly 10 mm and a thickness of a few millimeters. Connection of the sample to the sample holder was accomplished through tantalum wires that passed through four holes drilled into the sample. These wires were also used for sample heating. The temperature of the sample was monitored by a chromelalumel thermocouple that was spot-welded to the back of the sample.
Cleaning of the sample was performed using 3 keV Ar Author to whom correspondence should be addressed. Electronic mail: jouko.lahtinen@hut.fi tion on this procedure has been given elsewhere. 6 -8,12,21 The rather complicated LEED pattern associated with the ordered alumina film 7 was used as a measure of the correct surface structure.
Chromia-alumina model systems were prepared through vapor deposition of thermally evaporated metallic Cr onto the well-ordered Al 2 O 3 /NiAl(110) surface. The chromium evaporator was built from a tungsten filament basket that was holding an aluminum oxide crucible. Chromium lump with a bulk purity of Ͼ99.0% was used. The evaporator was typically driven by 35 A and 7.5 V. A water cooled cylindrical pipe enclosed the evaporator to keep the background pressure in the UHV chamber below 2ϫ10 Ϫ9 Torr during operation of the evaporator. The chromium evaporator produced constant vapor flux in all the experiments providing the possibility to control the layer growth by the evaporation time and current.
III. RESULTS AND DISCUSSION

A. Deposition of chromium on the surface
The experiments were started by deposition of Cr onto the Al 2 O 3 /NiAl(110) surface. The growth of Cr layer was followed by recording both the XPS 2 p signals and the AES KLL signals of Cr and Ni. The XPS intensity versus time has been plotted in Fig. 1 . The information provided by the XS-t plot indicates some kind of three-dimensional growth since there is no breaks visible in the XS-t plot for neither Ni 2p 3/2 nor Cr 2p. The data points fall nicely on exponential curves, which indicates growth in simultaneous monolayers ͑SM͒ 22 or in two-dimensional islands ͑2DI͒. 23, 24 The SM growth occurs when the diffusion along both the substrate and the adsorbate surface is minimal and the film is formed from several one atom high layers. In the 2DI mode the layer grows in layer-by-layer fashion forming 2D islands, but before the completion of the layer when a critical coverage ͑15-85%͒ is reached the formation of the next layer begins. 23 The 2DI mode can be regarded as a intermediate type of film growth between SM and layer-by-layer growth where the diffusion along the surface defines the exact growth type. Fitting of an exponential curve to the XS-t plot gave a nominal deposition rate of (3.4Ϯ0.2) ϫ10 12 Cr/cm 2 s. Volmer-Weber ͑VW͒ growth has been reported for most metal deposits investigated on thin alumina films at various deposition temperatures, 9 and surface free energy arguments strongly favor VW growth of metal layers on thin alumina films. However, the rapid increase in the adsorbate signal indicates that the Cr islands cover a substantial part of the surface and the growth is not characteristic of true VW growth. First hand information obtainable via STM investigations would be needed to confirm our suspicion that kinetic limitations at room temperature lead to 2DI growth of Cr on Al 2 O 3 /NiAl(110).
B. Interaction of deposited Cr and the Al 2 O 3 surface
We deposited chromium onto the surface at five different nominal coverages ranging from 3.4ϫ10 14 to 4.1 ϫ10
15 Cr atoms/cm 2 as determined from the deposition rate using 100, 200, 400, 600, and 1200 s deposition time. For reference, the topmost oxygen layer of the thin alumina film has an oxygen atom density of 1.27ϫ10 15 atoms/cm 2 . 7 If this number is used as a reference for one monolayer the coverages are between 0.27 and 3.2 ML. The coverages presented here are estimates only since no independent method was used for the calibration of the vapor flux.
The interaction between the chromium particles and the Al 2 O 3 /NiAl(110) substrate was studied by recording the Cr 2 p line after Cr deposition. The Cr 2 p XP spectra for the different chromium coverages are shown in Fig. 2 . The analysis of the Cr 2 p spectra were done using Gaussian peaks after Tougaard background subtraction.
25-27 Doublet peaks were fitted for all chromium species. Based on experiments with alumina supported chromium catalysts presented in the literature, we used binding energies for chromium according to Table I .
During our analysis the binding energies were kept constant within Ϯ0.3 eV, the doublet separation of the Cr 2 p 3/2 and Cr 2 p 1/2 peaks within Ϯ0.1 eV and the full-width at half maximum ͑FWHM͒ within Ϯ0.3 eV from the values presented in Table I . The Cr 2p 3/2 /Cr 2p 1/2 intensity ratio was set to 0.55Ϯ0.03. 5 A shake-up satellite line was added 4.1 eV above the Cr 3ϩ peak according to previous studies. The intensity of the satellite peak was kept at 0.32Ϯ0.03 ͑Ref. 5͒ compared to that of the Cr 3ϩ main line. We were able to confirm this value from our own investigations following oxidation of the deposited chromium ͑see below͒. No satellite structures were used with the other Cr components.
The decompositions of selected Cr spectra are shown in Fig. 2 . A component that was assigned to metallic chromium located at 574.0 eV is present for all Cr coverages. There is also a component visible at 576.7 eV, which was attributed to Cr 3ϩ . A satisfactory decomposition of the spectra requires introduction of a peak at approximately 575.2 eV. Until further evidence has been presented we assign this feature to Cr 2ϩ . The nonconclusive assignment is needed because For the lowest coverage, the Cr 2p 3/2 peak is located at around 576 eV and cannot be interpreted as mainly metallic chromium. Our results indicate that the interaction between the first chromium layer and the oxygen terminated alumina film results in chromium oxide for low Cr coverages. The binding energy of Cr 2p 3/2 shifts towards metallic chromium with Cr coverage but in every case three components were needed to reproduce the measured spectra. This indicates formation of larger Cr clusters.
It has been proposed that the occurrence of final state effects 32, 33 for small conducting particles on insulators could explain the shift towards higher binding energies for low coverages. However, the conductivity through the thin alumina film is sufficient to effectively reduce or even eliminate final state effects. 34 Finding the Cr 2ϩ component also at higher Cr coverages, where larger Cr clusters were expected, at almost constant concentration, as can be seen in Fig. 3 , is an evidence that the ϩ2 state exists in the initial interaction between Cr and Al 2 O 3 /NiAl(110).
Provided that heterogeneous nucleation prevails at room temperature, we could expect decoration of defects on the surface. Depending on the type of defect acting as a nucleation center we then could see different oxidation states at these defects. In the present study this could explain the occurrence of two oxidation states, namely ϩ2 and ϩ3.
Part of the highly reactive Cr might be oxidized through reaction with residual molecules that contain oxygen present in the UHV chamber. 10 We do not, however, expect this to significantly change our interpretation of the Cr-Al 2 O 3 /NiAl(110) interaction.
C. Interaction with ambient oxygen
Based on the rather constant amount of Cr 2 ϩ species we can propose that these atoms reside at the alumina Cr interface. The initial increase can be attributed to the growth of Cr islands as they slowly fill the surface. As the thickness of the film grows, attenuation due to the second layer compensate the growth in the interface signal.
For vanadium deposited onto the thin alumina film 10 a cationic behavior of the deposit was found up to a coverage of around 0.1 ML, where 1 ML corresponds to the lattice constant of bulk vanadium. It was concluded that the oxidation state was below ϩ3, but the oxidation state distribution could not be determined more precisely. 10 Similar results have also been reported for Cr on TiO 2 (110). 19 Contrary to the case of Cr/TiO 2 we did not observe any sign of reduction in the Al 2p peak for the Cr/Al 2 O 3 model system. This shows that TiO 2 is more easily reducible than Al 2 O 3 /NiAl(110), which makes the oxidation of Cr even more interesting.
Exposing the highly reactive chromium layers to oxygen at room temperature resulted in clear changes in the shape of the Cr 2p spectra. These changes were fully developed at oxygen exposures between 1 and 3 L. A dose of 20 L was used, however, to ensure complete oxidation of the chromium. An example of the Cr 2 p line for oxidized chromium on Al 2 O 3 /NiAl(110) is shown in Fig. 4͑a͒ . Using chromium with an oxidation state of ϩ3 and its satellites results for a satisfactory decomposition of the spectrum. By analyzing the Cr 2 p emission from the oxidized chromium layers we were able to confirm the intensity ratio between the Cr 3ϩ satellite and main peak to 0.32.
It seems unlikely that introduction of ambient oxygen would shift the deposited Cr from a ϩ4 oxidation state to a lower ϩ3 oxidation state. With some reservation we can thus ascribe the component at 575.1-575.3 eV to Cr 2ϩ . Oxidation gives the same result for all chromium coverages investigated in this paper. This indicates that the size of the Cr clusters are relatively small compared to the diffusion length of oxygen in Cr.
Subsequent heating of the oxidized sample to 700 K in UHV for 5 minutes reduced the chromium to an average oxidation state below ϩ3 as shown in Fig. 4͑b͒ . The results from the decomposition of the Cr 2 p peak for the thermally reduced chromia-alumina system in comparison to deposited Cr is presented in Table II . It is not possible to decompose the spectrum of the reduced Cr by two components, but an additional component between metallic Cr and Cr 3ϩ is required. We notice that the amount of Cr 2ϩ is almost the same before oxidation and after reduction while the amount of Cr 0 decreases and Cr 3ϩ increases following the oxidation/ reduction cycle.
Performing the oxidation at 700 K formed a Cr 2 p peak similar to that after oxidation at room temperature. Subsequently holding the sample at 700 K for 5 minutes produced no change in the oxidation state of the chromium overlayer. Interestingly it can be concluded that chromium oxidized at room temperature is thermally reducible. Chromium oxide formed at 700 K, however, is not thermally reducible in the same fashion and shows no sign of thermal instability for temperatures below 900 K.
Introduction of oxidation states higher than ϩ3 for the Cr 2p spectra of the oxidized Cr was not necessary to fully explain the spectra. In reports where chromia-alumina catalysts have been calcined, Cr 6ϩ species have been identified using, e.g., XPS [1] [2] [3] [4] [5] and UV-vis spectrophotometry. 2 In this light it is surprising that we were unable to find any Cr species that could be assigned a ϩ6 oxidation state. On the other hand, the methods of real catalyst preparation differ significantly from the evaporation method used in these experiments, e.g., OH groups not inherently present in UHV conditions are thought to play a vital role both in catalyst formation and activity.
IV. CONCLUSIONS
Chromium deposited by thermal evaporation onto an ordered Al 2 O 3 /NiAl(110) support shows an initial oxidation during deposition. Although no exact answer can be given for the oxidation state distribution because of the possible influence of final state effects it can safely be stated that Cr exhibits an average oxidation state between ϩ1 and ϩ3 for low coverages on Al 2 O 3 /NiAl(110). For higher chromium coverages a shift towards metallic behavior is noticed.
We were able to clearly identify metallic and Cr 3ϩ species in the interaction with the oxygen terminated alumina film. However, an additional oxidation state was needed for decomposition of the Cr 2 p spectra. It is likely that this component has an oxidation state ϩ2.
Oxidation of the deposited chromium leaves only Cr 3ϩ species on the surface. If the oxidation is performed at room temperature a subsequent heating to 700 K will reduce the chromium to an average oxidation state lower than ϩ3. When the oxidation is performed at 700 K no thermal reduction of the formed Cr 3ϩ could be detected below 900 K. No indications of oxidation states higher than ϩ3 for chromium could be seen following the preparations and treatments applied here.
